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Abstract: The acute demise of stem cells following transplantation significantly compromises the
efficacy of stem cell-based cell therapeutics for infarcted hearts. As the stem cells transplanted into the
damaged heart are readily exposed to the hostile environment, it can be assumed that the acute death
of the transplanted stem cells is also inflicted by the same environmental cues that caused massive
death of the host cardiac cells. Pyroptosis, a highly inflammatory form of programmed cell death, has
been added to the list of important cell death mechanisms in the damaged heart. However, unlike the
well-established cell death mechanisms such as necrosis or apoptosis, the exact role and significance
of pyroptosis in the acute death of transplanted stem cells have not been explored in depth. In the
present study, we found that M1 macrophages mediate the pyroptosis in the ischemia/reperfusion
(I/R) injured hearts and identified miRNA-762 as an important regulator of interleukin 1β production
and subsequent pyroptosis. Delivery of exogenous miRNA-762 prior to transplantation significantly
increased the post-transplant survival of stem cells and also significantly ameliorated cardiac fibrosis
and heart functions following I/R injury. Our data strongly suggest that suppressing pyroptosis
can be an effective adjuvant strategy to enhance the efficacy of stem cell-based therapeutics for
diseased hearts.

Keywords: pyroptosis; M1 macrophage; stem cells; miR-762; I/R injury

1. Introduction

Since the first study reported the beneficial effect and clinical relevance of stem
cell-based therapeutics for heart disease [1], basic science and clinical experiences have
worked together to further optimize the stem cell-based therapeutics to treat the damaged
myocardium [2–4]. Nevertheless, currently available data indicates that the clinical benefit
of stem cell-based therapeutics has been marginal and inconsistent [5,6]. There could be
a number of reasons that account for such disappointing outcomes, and the low post-
transplant survival rate of stem cells could be one of them. To date, two mechanisms
with which the transplanted stem cells exert beneficial effects have been proposed: the
engraftment and subsequent trans-differentiation of the transplanted stem cells to replace
damaged cells [7,8] and/or the paracrine stimulation of the survival and recovery of
damaged cells [9]. Regardless of the ongoing debate on which of them is the major
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mechanism, the long-term survival of the transplanted stem cells would be the prerequisite
to maximize the beneficial effect of stem cell-based therapeutics.

By the nature of the common cell-based therapeutic strategy under which cell trans-
plantation is usually performed post-injury, the transplanted stem cells are readily exposed
to the hostile environment of the damaged tissue. For example, the stem cells trans-
planted for cardiac disease will immediately face the same hostile environmental cues that
caused massive death of the host cardiac cells such as hypoxia, ischemia, and/or oxidative
stress [10–12]. In such a dire environment, cells are subjected to a life-or-death decision,
and various cell death mechanisms including apoptosis, necrosis, and pyroptosis can be
activated as a result [13,14]. Among those different cell death mechanisms, pyroptosis
is the most recently recognized form of programmed cell death. First named by Brad
T. Cookson in 2001, pyroptosis is characterized by typical cell lysis and inflammatory
cytokine release [15]. Pyroptosis differs from apoptosis in that it does not involve the
typical membrane blebbing of apoptosis but does induce cell lysis, swelling, and pore
formation, which are missing in apoptosis. Furthermore, caspase-1 mainly mediates the
disassembly of the cells in pyroptosis, while caspase-3 is the primary regulator of apopto-
sis [13,16]. Although pyroptosis seems to be developed as a host defense against microbial
infections [17], it can be also initiated by non-infectious conditions such as myocardial
infarction (MI) [18,19], suggesting that pyroptosis also can be a viable therapeutic target
for cardiovascular diseases.

To date, both canonical and non-canonical pathways have been identified in pyrop-
tosis [20]. In canonical activation, pyroptosis proceeds in several steps: (1) caspase-1
activation by NLRP3 inflammasome, (2) production of inflammatory cytokines, such
as interleukin 1 beta (IL-1β) and IL-18, (3) cleavage and secretion of IL-1β and IL-18,
leading to cell membrane rupture and the release of cytoplasmic cell contents, such as
pro-inflammatory cytokines, endogenous ligands, alarmins, and other danger-associated
molecular patterns, causing cell death [21–23]. Although the non-canonical pathway also
eventually leads to cell lysis and proinflammatory cytokine release, caspase 11 (also known
as caspase 4 as a human homolog) activation is essential for non-canonical NLRP3 inflam-
masome activation [24]. Active caspase 11 can cleave gasdermin D (GSDMD), in which the
N-terminal domain of GSDMD forms membrane pores, leading to pyroptosis and subse-
quent NLRP3 inflammasome activation [25,26]. The cytokines released from damaged cells
during pyroptosis can cause additional pyroptosis in the surrounding tissues and cells [27].
Therefore, the probability of pyroptosis having a negative impact on the initial survival of
the transplanted stem cells will be higher than that of apoptosis which does not involve the
release of inflammatory cytokines. In fact, pyroptosis is now categorized as programmed
necrosis which refers to necroptosis, pyroptosis, ferroptosis, and mitochondrial perme-
ability transition (MPT)-dependent necrosis. However, the exact role and significance of
pyroptosis have not been explored in depth [28].

Thus, in the present study, we have examined the role of pyroptosis in ischemia/reperfusion
(I/R) injured hearts and its impact on the survival of transplanted stem cells to evaluate its
potential as a viable target for enhancing the long-term survival of transplanted stem cells
and subsequent therapeutic efficacy in treating cardiovascular disease.

2. Results
2.1. Macrophages Are Recruited Following I/R Injury to Heart

I/R injury induces an acute condition called sterile inflammation [29], and IL-1β
recruits macrophages during sterile inflammation [30]. As shown in Figure 1A, I/R injury
caused severe left ventricle (LV) damage in 7d, and the number of F4/80 (a well-established
macrophage marker) positive cells in the damaged hearts were apparently increased,
particularly in the infarct zone. The characteristic pro-inflammatory response of myocardial
reperfusion injury is known to be manifested between 6 and 24 h post-reperfusion [31].
Therefore, the number of F4/80-positive macrophages in the heart of 1d post-I/R injury
was evaluated. The number of F4/80-positive cells significantly increased in the border
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and infarct zone compared to that of the remote zone (Figure 1B). These data indicated that
the F4/80-positive macrophages were recruited to the site of I/R injury during the early
pro-inflammatory response and remained for up to 7 days following I/R injury.

Figure 1. Macrophages are recruited in rat hearts with ischemia/reperfusion (I/R) injury. (A) Cardiac fibrosis occurred
in the hearts with I/R injury after a week. Cardiac fibrosis was measured by Masson’s trichrome staining using paraffin
section. Blue indicates that collagen expression is increased in the infarct zones of the hearts with I/R injury (left). Recruited
macrophages are revealed by immunofluorescence staining in the hearts with I/R injury (right). Antibodies indicate the
following: red: cTnT, a specific cardiomyocyte marker; green: F4/80, a specific macrophage marker; and blue: DAPI, a
nuclear marker. Scale bar = 50 µm, n = 5 per group. (B) F4/80 expression was detected in the hearts one day after I/R
injury. The heart sections from the acute I/R injury areas were analyzed by immunofluorescence staining with F4/80 (green:
macrophages) using a frozen section. DAPI indicates nuclear staining. Scale bar = 100 µm. n = 3 per group (C) Quantitative
analysis was performed for F4/80-positive cells in the heart sections. F4/80-positive cells in the border zone and infarct zone
were significantly increased. * p < 0.05 vs remote zone (D) IL-1β expression levels were further analyzed by DEG analysis in
sham and I/R-injured hearts. (E) IL-1β expression was determined by immunohistochemistry using paraffin sections one
day after the induction of I/R injury in the hearts. Images were captured with 40×magnification. Scale bar = 200 µm.

2.2. Pro-Pyroptotic Mediator IL-1β Increases in I/R Injured Heart

A differential gene expression (DEG) analysis to compare the gene expression of
the sham group and I/R injury group was conducted using left ventricular (LV) tissues
collected 1d after I/R injury. The results of the DEG analysis are presented as a volcano
plot. The genes whose expression changed more than 2-folds (p < 0.05) are shown in
green (down-regulated genes) or in red (up-regulated genes) (Figure S1A). To investigate
the effects of increased macrophage infiltration into the ischemic hearts, inflammation-
related genes (n = 84) were selected based on a database analysis (QuickGO; GO:0006954).
Our data indicated that two genes are involved in both the pyroptosis and inflammation
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process and showed a significant increase in the I/R group (QuickGO; GO:0070269). The
expression of IL-1β and NLRC4 were significantly increased by approximately 6- and 3-fold,
respectively, in hearts during early I/R injury. Additionally, we also checked the expression
change of CASP4, which is known to play an important role in non-canonical NLRP3
inflammasome activation, and however, it was not significantly changed (Figure S1B).
Quantitative analysis indicated significantly higher IL-1β expression in the hearts of the
I/R group than in the hearts of the sham group (Figure 1D). Increased IL-1β expression
was further confirmed by immunohistochemistry staining, in which IL-1β expression was
higher in I/R heart sections than in control heart sections (Figure 1E). These results show
that IL-1β is significantly increased in hearts with I/R injury.

2.3. Pyroptosis-Related Gene and Protein Expression Increases in I/R Injured Heart

To verify whether the observed increase of macrophage recruitment and IL-1β pro-
duction was indeed related to increased pyroptosis, the expressions of representative
pyroptosis-related genes (caspase-1, IL-1β, IL-18, caspase-11, and GSDMD) in I/R injured
heart (d1, d3, and d7) were examined by real-time PCR. The expression of caspase-1 and
GSDMD significantly increased from d1, peaked at d3, and decreased at d7, yet still re-
mained significantly increased compared to that of the sham group. On the other hand,
the expression of caspase-11 only significantly increased 1d after the I/R injury and then
decreased to the basal level (Figure 2A, left panel). The expression of both IL-1β and
IL-18 significantly increased in I/R-injured hearts for up to 7d compared to a sham group
(Figure 2A, right panel). Similarly, the protein expressions of caspase-1, caspase-11, GS-
DMD, and IL-1β in the infarcted areas of the 1d post-I/R-injured hearts were significantly
increased compared to that of the sham group (Figure 2B,C). To further analyze the spatial
distribution of pyroptosis-related factors in the infarct area and its vicinity, the expressions
of mRNAs and proteins in the remote, border, and infarct zone of 1d post-I/R injured heart
were examined. The mRNA expressions of caspase-1, caspase-11, and GSDMD significantly
increased in the infarct zone compared to that in the remote zone, and the expression in
the border zone was intermediate but still significantly increased compared to that of the
remote zone, except for caspase-11 (Figure 2D). The protein expression showed a similar
trend, and importantly, a cleaved, active form of IL-1β was apparently increased in the
infarct zone (Figure 2E).

2.4. Pro-Inflammatory M1 Polarized Macrophage Increases Pyroptosis-Related Gene Expressions
in Human Adipose-Derived Stem Cells

To investigate the role of macrophages as a mediator of pyroptosis during I/R injury,
macrophages were classically and alternatively activated to induce M1 and M2 polarization
using LPS/IFN-G and IL-4, respectively [32]. LPS/IFN-G-treated Raw264.7 cells showed an
increase of M1 polarization marker NOS2 and CD86 [33], and IL-4 treatment increased the
expression of ARG, an M2 polarization marker [34], indicating differential polarization was
achieved as intended (Figure S2A). Importantly, the mRNA expression of IL-1β significantly
increased only in M1 polarized macrophages compared to that of untreated control cells, while
there was no significant change of IL-1β expression in M2 polarized macrophages (Figure S2B).

First, to evaluate the paracrine effect of M1 polarized macrophages on cardiac cells, car-
diomyocytes were treated with 24 h conditioned media (CM) of M1 polarized macrophages
for 24 h and were also cultured under hypoxic condition for 24 h to examine whether
hypoxia itself could be an independent factor to induce pyroptosis. The M1 polarized
macrophage CM significantly increased the expression of caspase-1, caspase-11, GSDMD,
and IL-1β both at mRNA (Figure S3A) and at protein level (Figure S3B,C) compared to
untreated control, but no significant effect of hypoxia was observed. Such M1 polarized
macrophage CM-dependent increase of those pyroptosis-related factors was also observed
in cardiac fibroblasts. Only the M1 polarized macrophage CM significantly increased both
the mRNA (Figure S4A) and protein (Figure S4B,C) expression of caspase-1, caspase-11,
GSDMD, and IL-1β, in cardiac fibroblasts. These data suggested that the recruited M1
polarized macrophages may trigger the induction of pyroptosis in surrounding cardiac cells.
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Figure 2. Expression of pyroptosis-related genes and proteins is increased in the heart with ischemia/reperfusion injury.
(A) Pyroptosis-related gene expression was measured by qRT-PCR. mRNA was extracted from the infarct zones of the hearts.
The expression of pyroptosis-related genes, including caspase-1, caspase-11, GSDMD, IL-1β, and IL-18, was significantly
increased in the early I/R-injured hearts. CASP1 indicates caspase-1. CASP11 indicates caspase-11. GSDMD indicates
gasdemin D. # p < 0.05 vs. normal, ** p < 0.01 vs. normal, * p < 0.001 vs. normal, (B) Caspase-1, caspase-11, GSDMD, and
IL-1β expression levels in normal and I/R-injured hearts were detected by western blotting. (C) Pyroptosis-related proteins
expression was normalized to β-actin. ** p < 0.01 vs. normal, * p < 0.001 vs. normal, (D) Caspase-1, caspase-11, GSDMD,
and IL-1β mRNA expression levels by qRT-PCR were higher in the border zone and infarct zone compared than in the
remote zone a day after I/R injury in the hearts. Pyroptosis-related gene expression was normalized to GAPDH. # p < 0.05
vs. normal, ** p < 0.01 vs. normal, * p < 0.001 vs. normal. (E) Caspase-1, caspase-11, GSDMD, pro-IL-1β, and cleaved IL-1β
protein expression levels were higher in the border zone and infarct zone than in the remote zone a day after I/R injury in
the heart.

Finally, M1 polarized macrophage CM again significantly increased the expression
of caspase-1, caspase-4, GSDMD, and IL-1β, while hypoxia itself had no significant ef-
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fect in human adipose-derived stem cells (hASCs) (Figure 3A). Similarly, M1 polarized
macrophage CM increased the protein expressions of those pyroptosis-related factors in
hASCs (Figure 3B,C), and such increase of IL-1β production was also reflected as an in-
creased amount of IL-1β in hASC culture media (Figure S5). Immunocytochemical analysis
also showed that the increase of caspase-1, GSDMD, and IL-1β in M1 polarized macrophage
CM-treated hASCs, as well as caspase-4 which mediates IL-1β release (Figure 3D,E) [35].
These results altogether supported the speculation that M1 polarized macrophages may
induce the pyroptosis of the transplanted stem cells in an IL-1β-mediated paracrine manner.

Figure 3. Expression of pyroptosis-related genes is increased by M1 macrophage conditioned media in ASCs. hASCs were
incubated with M1-like macrophage-CM (MØCM) for 24 h. (A) mRNA and (B,C) protein expression levels were measured
by qRT-PCR and western blotting, respectively. # p < 0.05 vs. Control, ** p < 0.01 vs. Control, * p < 0.001 vs. Control.
(D) Caspase-1 and GSDMD and (E) Caspase-4 and IL-1β expression levels were detected by immunofluorescence. Blue
indicates the nuclei. Scale bar = 50 µm.
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2.5. IL-1β Mediates the Induction of Pyroptosis in hASCs

To confirm the role of IL-1β as a mediator of the pyroptotic changes observed in M1
polarized macrophage CM treated hASCs, recombinant IL-1β was utilized. Recombinant
IL-1β (10 ng/mL) significantly increased the expression of pyroptosis-related factors both
at mRNA (Figure 4A) and protein level (Figure 4B). On the other hand, knockdown of IL-1β
using IL-1β-specific siRNA readily suppressed the expression and secretion of IL-1β from
M1 polarized macrophages in a dose-dependent manner (Figure S6). When hASCs were
treated with the CM of IL-1β knocked down M1 polarized macrophages, the pyroptotic
changes shown in Figure 3 were abolished (Figure 4A,B). These results strongly suggested
that the IL-1β released from M1 polarized macrophages was a major paracrine factor that
relayed the pyroptotic signal from M1 polarized macrophages to hASCs.

Figure 4. IL-1β plays an important role for pyroptosis induction in hASC. IL-1β recombinant protein at concentrations of
1 ng/mL and 10 ng/mL was used to treat hASCs for 24 h. Then, mRNA and protein levels were detected by (A) qRT-PCR
and (B) western blotting. # p < 0.05 vs. Control, ** p < 0.01 vs. Control, * p < 0.001 vs. Control. hASCs were cultured for 24 h
with IL-1β siRNA-transfected macrophage-CM (Si-IL1β_MØCM). Then, pyroptosis-related mRNA and protein levels were
detected by (C) qRT-PCR and (D) western blotting, respectively. # p < 0.05 vs. MØCM, * p < 0.001 vs. MØCM.

2.6. miRNA-762 Regulates IL-1β Production during I/R Injury

To find miRNAs targeting IL-1β, 4 different miRNA-target predicting databases were
used, and 13 miRNAs were commonly indicated by the 4 databases as IL-1β targeting
miRNAs (Figure 5A). Subsequent cross-checking with DEG analysis (with cutoff criteria
of fold change > 2 and p < 0.05) resulted in the selection of miR-762 as a final candidate
miRNA. To confirm whether miRNA-762 targets IL-1β, miRNA-762 was transfected into
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hASCs. Delivery of exogenous miRNA-762 significantly suppressed the increase of IL-1β
expression induced by M1 macrophage-CM in hASCs (Figure 5B). DEG analysis also indi-
cated that miRNA-762 expression was reduced by approximately 50% in ischemic hearts
compared to that in control hearts (Figure 5C). In addition, we also examined whether
miRNA-762 could regulate other pyroptosis-related markers such as caspase 1, GSDMD,
and caspase 4 under the same condition of Figure 5B, and miRNA-762 reduced these
marker expressions while anti-miRNA-762 did not affect the macrophage CM-induced
protein expression (Figure S7). Next, whether miRNA-762 binds to the 3′UTR of IL-1β
was confirmed by luciferase assays (Figure 5D). MiRNA-762 has a target site in the 3′

UTR of IL-1β, and the results indicated that miRNA-762 suppressed luciferase expression
(Figure 5E). Together, these data show that miRNA-762 plays a critical role in inhibiting
IL-1β expression in hASCs under pyroptotic stress.

Figure 5. Screening miRNAs predicted to target IL-1β. miRNAs (13 miRNAs) were selected based on (A) 4 databases,
miRanda, RNA22, miRwalk, and TargetScan (#1), and DEG analysis with criteria of p < 0.05 and a fold change > 2 resulted
in the final selection of miRNA-762 (#2). (B) IL-1β protein levels in hASCs treated with miRNA-762 mimic (miRNA-762),
negative control (N.C.) or anti-miRNA-762 (Anti-762) (# p < 0.05, ** p < 0.01 vs. Normal). (C) miRNA-762 levels were
quantified by DEG analysis for the normal group and the ischemic heart group. (D) Schematic representation of the matched
miRNA-762 and 3′ UTR of IL-1β mRNA. (E) Luciferase activity of miRNA-762-transfected cells was measured in response
to the 3′UTR of IL-1β. miRNA-762 or negative control (N.C.) was co-transfected into HeLa cells with the pmir-GLO vector
or pmir-GLO containing the 3′ UTR of IL-1β as a miRNA-762 binding site. Luciferase activity was normalized to the renilla
activity. (** p < 0.01 vs. Control).

2.7. miRNA-762 Augmentation Increases Post-Transplant Survival of hASC and Improves Cardiac
Function Following I/R Injury

To verify the impact of miRNA-762 on the post-transplant survival of hASCs, miRNA-
762-transfected hASCs (hASCmiR−762) were transplanted to the I/R-injured heart. For the
detection of viable transplanted cells, PKH26-labeling was done prior to the transplantation.
The number of PKH26-positive cells in the hASCmiR−762 group was significantly higher
compared to that of the normal hASC group (Figure 6A,B). Furthermore, the results of
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Masson’s trichrome staining of the heart collected 7d post-I/R injury indicated that the
transplantation of hASCmiR−762 well maintained LV wall thickness and significantly atten-
uated cardiac fibrosis (Figure 6C) as evidenced by the significantly decreased fibrotic area
(Figure 6D). Transplantation of hASCmiR−762 also significantly attenuated I/R-induced de-
cline of heart function evaluated by stroke volume (Figure 6F), ejection fraction (Figure 6G),
and stroke work (Figure 6H). The heart rate in each group was not significantly changed
(Figure 6E). These data altogether suggested that the augmentation of miRNA-762 signifi-
cantly promoted the post-transplant survival of hASCs and suppressed cardiac fibrosis,
improving heart function.

Figure 6. hASCmiR−762 affects the reduction of fibrosis at ischemia/reperfusion injury heart.
(A) Seven days after hASC or hASCmiR−762 transplantation, PKH26-stained ASCs were detected in
hearts one week after I/R-injury. Scale bar = 100 µm. (B) PKH26-positive cells were quantified by
counting stained cells and averaged per section. # p < 0.05 (C,D) Fibrosis was detected by Masson’s
trichrome staining in three hearts of rats per group at one week after I/R injury. # p < 0.05 vs. I/R
group, ** p < 0.01 vs. I/R group. n = 3 per group. (E–H) Left ventricular function was measured
at 3 weeks after I/R injury and hASCmiR−762 transplantation. Each component of cardiac function
was quantified as follows. n = 3 per group. (E) heart rate, (F) stroke volume, (G) ejection fraction,
(H) stroke work. Each experimental group was measured five times. # p < 0.05, ** p < 0.01, * p < 0.001.
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3. Discussion

Among many different types of cardiovascular diseases, myocardial infarction (MI)
may be the most closely related to pyroptosis since it involves massive cardiac cell death
and inflammation. In the present study, we have demonstrated that I/R-injury to the
heart causes M1 polarized macrophage-mediated pyroptosis that negatively affects the
post-transplant survival of stem cells in an IL-1β-dependent manner. Furthermore, the
present study shows that preventing pyroptosis of the transplanted stem cells by down-
regulating the production of IL-1β could improve the post-transplant survival of stem cells
and heart function.

Stem cells applicable to regenerative cell therapy include embryonic stem cells (ESCs),
mesenchymal stem cells (MSCs), hematopoietic stem cells (HSCs), tissue/organ-specific
stem cells [36], and induced pluripotent stem cells (iPSCs) [37,38]. For the present study,
ASC, a type of adult mesenchymal stem cell, was used due to its easy isolation protocol,
multi-lineage cell differentiation capacity, and regenerative potential [39]. Furthermore, it
is relatively free from the ethical considerations and safety issues such as tumorigenicity
and immunogenic response that impede the clinical relevance of ESCs or iPSCs [36,40,41].
However, it still cannot escape the issue of low post-transplant survival, which critically
compromises the therapeutic efficacy of the transplanted stem cells [42,43]. To enhance
the survival of transplanted stem cells, a number of approaches had been tried such as
amplification of anti-apoptotic signals [44–47], fortification of initial cell adhesion [48–50],
hypoxic preconditioning [51–53], and various soluble factors including growth factors,
cytokines, and chemicals [54–57]. Nevertheless, still no single gold standard to guarantee
the post-transplant survival of stem cells is currently available. Therefore, the need for
alternative options to enhance the post-transplant survival of stem cells is well justified.

Pyroptosis, as a highly regulated cell death process, has been reported to occur in a
wide range of cardiovascular diseases including, but not limited to, atherosclerosis, MI,
hypertension, I/R injury, cardiomyopathy, and heart failure [58]. Although its potential as
a therapeutic target for cardiovascular disease has been empirically explored [59,60], its
exact role and significance in the post-transplant death of stem cells have not been explored
in-depth, making this study possibly one of the first reports to demonstrate the critical
role of pyroptosis in the acute demise of stem cells following transplantation. Previous
studies have demonstrated that MSCs can alleviate inflammation including pyroptosis by
secreting a variety of anti-inflammatory factors such as prostaglandin E2, interleukin-10,
and interleukin-12 [61,62]. However, the survival rate of transplanted stem cells in the
hostile environment of infarcted heart has been reported as around 1–6% at 60 min–24 h
after injection [63,64], making it difficult for the residual transplanted stem cells to exert
sufficient anti-inflammatory function. This may explain the moderate improvement of
cardiac function in clinical trials using stem cell-based cell therapies.

In this study, we presented pyroptosis as one of the causes of poor survival of trans-
planted stem cells and utilized miRNA as a tool for proving the concept that miRNA-
mediated down-regulation of IL-1β expression and secretion can prevent the pyroptosis
of the transplanted hASCs and subsequently improve cardiac function. As the M1 po-
larized macrophages showed an increased IL-1β mRNA expression, it was postulated
that M1 polarized macrophages recruited to the site of I/R injury propagate pyroptosis
in a paracrine manner via secreting IL-1β, thus affecting host cardiac cells and stem cells
transplanted to the site of injury. One thing that needs to be mentioned regarding this
statement is that it is one of the limitations of the present study that we were not able to
clearly demonstrate that miRNA-762 directly targets the 3′ UTR of IL-1β by using anti-
miRNA-762 in luciferase assays. Although miRNA-762 significantly suppressed luciferase
activity indicating miRNA-762 can prevent translation of IL-1β in the present study, the
neutralizing experiment should have been conducted to definitely demonstrate direct
targeting of IL-1β 3′ UTR by miRNA-762, and this issue has to be properly addressed in
further studies. Another limitation also needs to be mentioned is that we used CM of
mouse origin macrophage to stimulate hASCs. BLAST search indicated that mouse IL-1β
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is 78.65% identical to that of humans at mRNA (NM_008361.4) level and 68% identical
at protein level (NP_032387.1). Although our various data collectively suggest that even
IL-1β of mouse origin could stimulate human ASCs so that using CM of mouse origin for
this proof of concept study is acceptable, it may be necessary for further studies to use
IL-1β of human origin for the study to have clinical relevance.

One of the interesting findings of the present study is the miRNA-mediated regulation
of pyroptosis in the I/R-injured heart. Over the last few decades, non-coding microRNAs
(miRNAs) have emerged as important regulators of both physiological and pathological
processes of virtually every disease, including cardiovascular disease [65–67]. To be more
specific, IL-1β-targeting miRNA-762 decreased following I/R injury, causing the increased
production of IL-1β that enabled pyroptotic signals to further propagate to surrounding
cells including transplanted stem cells. Regarding the role of miRNA-762 in I/R injured
heart, a very recent study used a mouse model that reported that I/R injury-induced
translocation of miRNA-762 to mitochondria where it caused cardiomyocyte apoptosis by
down-regulating NADH dehydrogenases subunit 2 (ND2) [68]. At glance, it seems that
that particular study directly contradicts what we have demonstrated in the present study
is mainly 2 aspects; the expression pattern of miRNA-762 after I/R injury is opposite and
opposite modulation of miRNA-762 (miRNA-762 neutralization vs. exogenous miRNA-762
supplementation) produced similar functional improvement of the heart. Nevertheless,
time-dependent changes of miRNA may be the key to explain such discrepancy.

Previous studies have demonstrated that the expression of certain miRNAs shows
dramatic temporal changes as pathologic condition progresses [69–71]. Furthermore, the ex-
pression of a certain miRNA can be also bidirectional depending on the intensity of the same
stimulation. In fact, our group has previously demonstrated that the hydrogen peroxide-
induced expression of miRNA-1 in cardiomyocytes can be bidirectional depending on
the concentration of hydrogen peroxide used [72]. According to the above-mentioned
study reported I/R injury-induced increase of miRNA-762, the authors observed increased
miRNA-762 expression for the first 60 min after I/R injury, and miRNA-762 expression
was not further examined thereafter. On the other hand, we observed a significant decrease
of miRNA-762 one day after I/R injury. Therefore, if miRNA-762 is one of the miRNAs
whose expression pattern changes significantly with time following I/R injury so that
the expression of miRNA-762 rapidly increased immediately after I/R injury and then
decreased thereafter, the issue of the opposite expression pattern of miRNA-762 after I/R
injury can be solved without mutually contradicting each study.

Furthermore, assuming the temporal expression change of miRNA-762 following I/R
has occurred, suppression of the increase of miRNA-762 during acute phase using anti-
miR can improve the outcomes following I/R injury by preventing initial cardiomyocyte
death as their data demonstrated, while augmentation of the decreased miRNA-762 during
latent phase can improve the outcomes following I/R injury by preventing pyroptosis
of transplanted stem cells so that enabling them to exert a beneficial effect on surviving,
remain cardiac cells as we demonstrated in the present study. Additionally, if the down-
regulation of miRNA-762 in the present study is indeed induced by the initial massive
death of cardiomyocytes following I/R injury as pyroptosis is, suppression of the increase
of miRNA-762 during the acute phase may also prevent the down-regulation of miRNA-
762 during the latent phase because the suppression of initial surge of miRNA-762 can
prevent the initial massive death of cardiomyocytes, which in turn, triggers the process of
pyroptosis along with the down-regulation of miRNA-762. However, these possibilities
will remain speculative until they are empirically verified. To validate or rule out these
possibilities, further study especially focused on time-dependent miRNA-762 expression
change and elucidation of the underlying mechanisms is definitely required.
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4. Materials and Methods
4.1. Culture of Human Adipose Derived Stem Cells

Human adipose-derived stem cells (hASCs) were purchased from Invitrogen (Waltham,
MA, USA). hASCs were cultured according to the manufacturer’s instructions. hASCs
were grown in low glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Waltham,
MA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco) and
1% penicillin-streptomycin (Gibco). The medium was replaced with fresh medium every
two to three days, and cells were passaged using 0.25% trypsin-EDTA (Gibco) when they
reached about 80% confluency. Cells from passages 6 to 8 were used for experiments.

4.2. Raw264.7 Cells Culture and Culture Medium Preparation

The murine macrophage cell line Raw264.7 (Korean Cell Line Bank, Seoul, Korea) was
cultured in DMEM (Gibco) supplemented with 10% FBS (without heat-inactivation, Gibco)
and 25 mM HEPES buffer (Gibco) with 1% penicillin-Streptomycin (Gibco). Cells were
cultured in 5% CO2/95% humidified air at 37 ◦C. The medium was changed every other
day. For collecting macrophage-conditioned media (MØCM), the cells were cultured in
a medium containing LPS (100 ng/mL; R&D Systems, Inc., Minneapolis, MN, USA) and
IFN-γ (20 ng/mL; R&D Systems, Inc.) for 24 h. After the stimulation with LPS and IFN-γ,
the medium was changed to new serum-free-DMEM and incubated for an additional 24 h.
After the incubation, the macrophage-cultured medium was collected and centrifuged at
2000× g for 10 min. The supernatant was sterilized by filtrating through a 0.22 µm filter
(Merck Millipore, Burlington, MA, USA), which is used as MØCM. The collected MØCM
were kept at −80 ◦C until used.

4.3. Experimental Induction of Hypoxia

To induce hypoxia, hASCs were plated in cell culture dishes at 80% confluency. The
serum-free low glucose DMEM was degassed. The hASCs were cultured in a hypoxic cham-
ber (Thermo Fisher Scientific, Waltham, MA, USA) maintained below 1% O2 concentration
at 37 ◦C for 24 h after 2 times washes with the degassed DMEM.

4.4. MiRNA Transfection

hASCs were plated in cell culture dishes at 80% confluency one day before transfec-
tion. Transfection with miRNA-762 mimics or miRNA-762 inhibitors was performed by
the TransIT-X2 system (Mirus Bio, Madison, WI, USA). Transfection complex containing
mature miRNA-762 mimics (Genolution Pharmaceuticals, Seoul, Korea) or miRNA-762
inhibitors (Integrated DNA Technologies, Coralville, IA, USA) were added directly to
cells in a complete culture medium containing 10% FBS and no antibiotics at final con-
centrations of 20 nM. After the cells were incubated for 24 h, MØCM was treated for
additional experiments.

4.5. Transient Knockdown of IL-1β

Transfection of siRNA was performed using the TransIT-X2 system (Mirus Bio). Com-
mercial AccuTarget siRNAs, (Bioneer, Daejeon, Korea) which are mouse IL-1β siRNA (sense
5′-CAGGCUCCGAGAUGAACAA (dTdT)-3′; antisense 5′-UUGUUCAUCUCGGAGCCUG
(dTdT)-3′), were designed to knockdown mouse IL-1β gene expression. Raw264.7 were
plated in cell culture dishes at 80% confluency one day before transfection. IL-1β siRNA
directly cells in complete culture medium containing 10% FBS and no antibiotics at final
concentrations of 50 nM. To confirm the efficiency of IL-1β gene knockdown, immunoblot
analysis and IL-1β ELISA using cell lysate and media, respectively, were conducted.

4.6. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted using TRIzol (Ambion, Waltham, MA, USA) according to the
manufacturer’s instructions. Briefly, Chloroform (Sigma Aldrich, St. Louis, MO, USA) was
added to the extract and was vortexed for 15 s. Next, centrifugation at 12,000× g at 4 ◦C for



Int. J. Mol. Sci. 2021, 22, 7946 13 of 20

15 min, caused three layers to appear, and the transparent upper layer was collected into a
new tube. Each sample next received 2-propanol (Sigma Aldrich), and gently mixed for
10 s. Centrifugation at 12,000× g at 4 ◦C for 10 min. The supernatant was discarded and
the pellet washed with 75% (v/v) ethanol admixed with 1% diethylpyrocarbonate (DEPC;
Sigma Aldrich) contained water. Centrifugation at about 12,000× g at 4 ◦C for 5 min,
followed. The supernatant was again discarded and the pellet dried at room temperature
for one to two minutes. Finally, each pellet was dissolved in 30 µL nuclease-free water
(NFW). The total RNA quality and concentration were measured using Nano-Drop Lite
(Thermo Fisher Scientific). Complementary DNA (cDNA) was synthesized using a Maxime
RT Premix kit (iNtRON Biotechnology, Seongnam, Korea) by the manufacturer’s methods.
Briefly, one microgram of RNA was added to NFW. Each sample was incubated at 42 ◦C
for 1 h then incubated at 95 ◦C for 5 min. One hundred nanograms of cDNA, 10 pM of
each primer (forward and backward; Table 1), and EmeraldAmp GT PCR Master Mix
(Takara Bio Inc., Shiga, Japan) were mixed with NFW to give a final volume of 25 µL.
PCR conditions were as follows. A cycle of denaturation at 95 ◦C for 3 min was followed
by 25~30 elongation cycles each featuring denaturation at 95 ◦C for 15 s, annealing at
48 to 60 ◦C for 15 s, and elongation at 72 ◦C for 15 s. The reaction was next held at 72 ◦C
for 10 min. PCR products were separated by electrophoresis in 1.2% (w/v) agarose gels
(BioRad, Hercules, CA, USA), and Gel-Doc (Bio-Rad, Hercules, CA, USA) was used to
visualize bands after staining with RedSafe TM (Intron Biotechnology, Seongnam-si, Korea).

4.7. Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR)

The cDNA was obtained in the same way as above. Amplification and detection
of specific products were performed on a StepOnePlus Real-time PCR System (Applied
Biosystems, Waltham, MA, USA) using SYBR Premix Ex Taq II (Takara Bio Inc.) at 95 ◦C
for 30 s, followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s. The threshold cycle (Ct) of
each target gene was automatically defined and normalized to control GAPDH (∆Ct value).
The relative difference in expression levels of each mRNA in hASCs (∆∆Ct) was calculated
and presented as fold induction (2−∆∆Ct). Table 1 describes the information about primers
used in this work.

Table 1. PCR primers used in this study.

Gene Sequence (F) Sequence (R)

Mouse IL-1β 5′–GGAGAACCAAGCAACGACAAAATA–3′ 5′–TGGGGAACTCTGCAGACTCAAAC–3′

Mouse ARG1 5′–ATGGAAGAGACCTTCAGCTA–3′ 5′–GCTGTCTTCCCAAGAGTTGG–3′

Mouse NOS2 5′–TGCTGTTCTCAGCCAACAA–3′ 5′–GAACTCAATGGCATGAGGCA–3′

Mouse CD86 5′–TCCTGTAGACGTGTTCCAGA–3′ 5′–TGCTTAGACGTGCAGGTCAA–3′

Mouse GAPDH 5′–GGGTGTGAACCACGAGAAATA–3′ 5′–GTCATGAGCCCTTCCACAAT–3′

Rat Caspase1 5′–GGGCAAAGAGGAAGCAATTTATC–3′ 5′–GCCAGGTAGCAGTCTTCATTAC–3′

Rat Caspase11 5′–GTGTGGATCAGAGAGTCTTCAG–3′ 5′–GGTGTGGTGTTGTAGAGTAGAG–3′

Rat GSDMD 5′–TTTAGTCTGCTTGCCGTACTC–3′ 5′–GCTGTTGTCTCAACTCCATTTC–3′

Rat IL-1β 5′–GAGGACATGAGCACCTTCTTT–3′ 5′–GCCTGTAGTGCAGTTGTCTAA–3′

Rat IL-18 5′–AATGGAGACTTGGAATCAGACC–3′ 5′–GCCAGTCCTCTTACTTCACTATC–3′

Rat GAPDH 5′–ATGGAGAAGGCTGGGGCTCACCT–3′ 5′–AGCCCTTCCACGATGCCAAAGTTGT–3′

Human Caspase1 5′–GGAAACAAAAGTCGGCAGAG–3′ 5′–ACGCTGTACCCCAGATTTTG–3′

Human Caspase4 5′–AAGAGAAGCAACGTATGGCAGGAC–3′ 5′–GGACAAAGCTTGAGGGCATCTGTA–3′

Human GSDMD 5′–AGTGTGTCAACCTGTCTATCAAG–3′ 5′–ACACTCAGCGAGTACACATTC–3′

Human IL-1β 5′–TGAGCTCGCCAGTGAAATGA–3′ 5′–AGATTCGTAGCTGGATGCCG–3′

Human GAPDH 5′–CATGGGTGTGAACCATGAGA–3′ 5′–GGTCATGAGTCCTTCCACGA–3′

4.8. MicroRNA Quantification

Total RNA was extracted using TRIzol (Ambion) according to the manufacturer’s
instructions. Then, 100 ng purified total RNA was used for reverse transcription (TaqMan®

MicroRNA Reverse Transcriptase Kit, Applied Biosystems) in combination with TaqMan
MicroRNA Assays to quantify miRNAs and U6 control transcripts according to the man-
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ufacturer’s conditions. The threshold cycle (Ct) of miRNA-762 and U6 expression was
automatically defined, located in the linear amplification phase of the PCR, and normalized
to the control U6 (∆Ct value). The relative difference in the expression level of miRNAs in
the sorted cells (∆∆Ct) was calculated and presented as the fold induction (2−∆∆Ct).

4.9. Immunoblot Analysis

To obtain proteins, freshly isolated hearts were cut into small pieces using surgical
scissors and then placed in a ReadyPrep Mini grinder (BioRad). The tissue was lysed
by RIPA buffer (Thermo Fisher Scientific) containing 1% phosphatase inhibitors (Roche,
Basel, Switzerland) and 1% protease inhibitors (Roche). hASCs were washed with PBS and
then lysed by RIPA buffer (Thermo Fisher Scientific) containing 1% phosphatase inhibitors
(Roche, Basel, Switzerland) and 1% protease inhibitors (Roche). Protein concentrations
were determined by the BCA Protein Assay kit (Thermo Fisher Scientific). 15 µg protein
was loaded to 10% or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to a polyvinylidene difluoride membrane (PVDF, Mil-
lipore, Billerica, MA, USA). The membrane was blocked with 5% skim milk diluted in
tris-buffered saline with 0.05% tween 20 (TBS-T for one hour at room temperature and then
incubated with the primary antibodies overnight at 4 ◦C. The following antibodies and
dilution ratio were used in these experiments: anti-caspase-1 (1: 1000, ab1872, Abcam),
anti-caspase-4 (1:500, sc-56056, Santa Cruz Biotechnology, Dallas, TX, USA), anti-caspase-11
(1:1000, sc-374615, Santa Cruz Biotechnology), anti-GSDMD (1:1000, sc-393581, Santa Cruz
Biotechnology), anti-IL-1β (1:1000, NB600-633, Novusbio), and anti-β-actin (1:2000, A5316,
Sigma Aldrich). The membrane was washed with 0.01% TBS-T for five minutes three times
and then incubated with 5% skim milk and horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology) for one hour at room temperature. After the mem-
brane was washed six times for five minutes, the bands were detected with an enhanced
chemiluminescence (ECL) reagent (Abclon Inc., Seoul, Korea). The band intensities were
quantified using a Davinch-Western imagine system (Davinch K, Seoul, Korea) and NIH
ImageJ version 1.44p software (National Institutes of Health, New York, NY, USA).

4.10. Immunocytochemistry (ICC)

hASCs were plated in 4-well glass chamber slides (SPL Life Science, Pocheon-Si,
Korea) and cultured. After treatment, the cells were washed three times using PBS and
fixed in 4% paraformaldehyde for 10 min. The cells were washed again with PBS, followed
by blocking with 0.5% bovine serum albumin (BSA) at room temperature and incubation
with anti-caspase-1 (1:200, ab1872, Abcam), anti-caspase-4 (1:100, sc-56056, Santa Cruz
Biotechnology), anti-GSDMD (1:100, sc-393581, Santa Cruz Biotechnology), anti-IL-1β
(1:100, NB600-633, Novusbio) antibody overnight at 4 ◦C. After washing three times with
PBS, the cells were incubated with FITC-conjugated goat anti-rabbit IgG and rhodamine-
conjugated rabbit anti-mouse IgG at room temperature for 1 h in the dark. The cells were
mounted using DAPI-containing mounting medium (Santa Cruz Biotechnology) and then
signals were examined using an Olympus BX53TR microscope (Tokyo, Japan). All images
were processed using the CellSens software (Olympus).

4.11. Luciferase Assay

The UTR sequences of human IL-1β, including the XhoI (forward) and XbaI (reverse)
endonuclease sites at both ends, were purchased from Integrated DNA Technologies (IDT,
Republic of Singapore). The 3′ UTR fragment was then cloned into the pMIR GLO vector
(Promega Corporation, Fitchburg, WI, USA). HeLa cells were plated at a density of 1 × 105

cells/well in a 12-well plate and then transfected with either pMIR GLO control vector or
pMIR GLO vector with IL-1β 3′ UTR using Lipofectamine 2000 (Thermo Fisher Scientific).
Two days after the transfection, the luciferase activity of the cells was measured using
a luminometer and Dual Luciferase Assay Kit (Promega Corporation) according to the
manufacturer’s instructions. Cell number and transfection efficiency were normalized with
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Renilla luciferase assay. Luciferase intensity was determined using the Glomax® Explorer
multimode microplate reader (Promega, WI, USA).

4.12. Induction of I/R Injury and Cell Transplantation

All experimental procedures for animal studies were approved by the Committee
for the Care and Use of Laboratory Animals of Catholic Kwandong University College of
Medicine (CKU01-2017-002) and performed in accordance with the Committee’s Guidelines
and Regulations for Animal Care. The ischemic myocardial infarction rat model was
established by using a method described previously [49]. Seven -weeks-old Sprague-
Dawley male rats (220 ± 30 g) were assigned into five groups (Sham, I/R control, I/R
with ASC, I/R with ASC + miRNA-762, and I/R with ASC + miRNA-762 inhibitor).
Briefly, under general anesthesia with Zoletil®50 (0.8 mL/kg; Virbac, Frances) and Rompun
(0.2 mL/kg; Bayer Korea CO, Korea), rats were intubated, and positive-pressure ventilation
(12 mL/kg) was maintained with room air supplemented with oxygen (70 strokes/min,
tidal volume: 8–10 mL/kg) using Harvard ventilator (Harvard Apparatus, Holliston,
MA, USA). Then, the third and fourth ribs were cut to open the chest, and the heart was
exteriorized through the intercostal space. The heart was exposed through a 2-cm left
lateral thoracotomy. The pericardium was incised and a 7-0 silk suture (Johnson & Johnson,
Langhorne, PA, USA) was placed around the proximal portion of the left coronary artery,
beneath the left atrial appendage. Ligature ends were passed through a small length of
plastic tube to form a snare. For coronary artery occlusion, the snare was pressed onto
the surface of the heart directly above the coronary artery, and a hemostat was applied to
the snare. Ischemia was confirmed by the blanching of the myocardium and dyskinesis
of the ischemic region. After 60 min of occlusion, the hemostat was removed and the
snare released for reperfusion, with the ligature left loose on the surface of the heart.
Restoration of normal rubor indicated successful reperfusion. For cell transplantation,
PKH26-labelled cells were suspended in 30 µL of PBS (1 × 106 cells) and transplanted into
the viable myocardium bordering the infarction at three injection sites using an insulin
syringe (BD Ultra-Fine II, 0.3 mL) with a 30-gauge needle. Wounds were sutured and the
thorax was closed under negative pressure. Rats were weaned from mechanical ventilation
and returned to cages to recover. In sham-operated rats, the same procedure was executed
without tightening the snare. Depending on experiments, the hearts were collected on 1
day to 3 weeks after I/R.

4.13. Total RNA Sequencing and Data Analyses

Total RNA was extracted using TRIzol reagent (Ambion) according to the manu-
facturer’s instructions from freshly isolated hearts. RNA quality was estimated by an
Agilent 2100 bioanalyzer using an RNA 6000 Nano Chip (Agilent Technologies, Am-
stelveen, The Netherlands) and RNA quantity was determined by an ND-2000 Spec-
trophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Library production was
performed by a SMARTer Stranded RNA-Seq Kit (TaKaRa Bio, Mountain View, CA, USA)
and High-throughput paired-end 100 sequencing was done by HiSeq 2500 system (Illu-
mina, San Diego, CA, USA). Total RNA sequencing reads were mapped using TopHat
software [73] to obtain the alignment file. ExDEGA (e-Biogen, Seoul, Korea) was used for
data mining and graphic visualization with criteria of p < 0.05, a fold change of 2, and a
log2 normalized read count of ≥4. Further, gene ontology (GO) analysis was performed
by DAVID (http://david.abcc.ncifcrf.gov/summary.jsp accessed on 23 May 2021) and
included inflammatory response and pyroptosis signaling in functional gene classification.

4.14. Immunohistochemistry (IHC)

Hearts were excised 1 day or 1 week after I/R. The heart was perfused with Krebs-
Ringer Bicarbonate Buffer (KRBB: 120 mM NaCl, 25 mM NaHCO3, 5 mM KCl, 1.2 mM
KH2PO4, 1.2 mM MgSO4, 2.5 mM CaCl2, and 20 mM MOPS) for 10 min to wash out the
blood and then fixed with 10% (v/v) neutral-buffered formaldehyde, overnight at 4 ◦C.

http://david.abcc.ncifcrf.gov/summary.jsp
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For IHC using cryosection, after washing with PBS three times, the tissues were
incubated with 30% sucrose in PBS overnight. Then tissues were embedded in OCT com-
pound 4583 (Tissue-Tek; Miles Inc., Elkhart, IN, USA) and stored at −80 ◦C until needed.
Cryosections of 5 µm of thickness were obtained using HM525 NX Cryostat (Thermo
Fisher Scientific) and mounted on gelatin-coated glass slides to ensure that different stains
could be used on successive sections of tissue cut through the areas of I/R injury. After
tissue sections were rehydrated in PBS for 5 min, then treated with PBS containing 1%
SDS for 4 min. To remove flavin coenzyme autofluorescence, tissue sections were treated
with 0.1% sodium borohydride for 30 min. After blocking with 1% bovine serum albumin
(BSA) in PBS for 20 min, slides were incubated with primary antibodies at 4 ◦C overnight.
FITC-conjugated goat anti-rabbit IgG and rhodamine-conjugated rabbit anti-mouse IgG
were used as secondary antibodies. The sections with DAPI staining for nuclei were per-
formed using Vectashiled® antifade mounting medium with DAPI (Vector Laboratories,
Burlingame, CA, USA) and were analyzed by confocal laser scanning microscope (LSM
700, Zeiss) and transferred to a computer equipped with ZEN2012 software. The areas
are expressed as percentages of the total left ventricle. Anti-F4/80 (sc-377009, Santa Cruz
Biotechnology) was incubated at a concentration of 1/100 on slides. For quantification
of F4/80 and DAPI, five frozen hearts of each group were prepared and 3 fields from
three different regions (remote, border, infarct zone) per one heart slide were chosen for
observation. For detection of IL-1β, anti-IL-1β (NB600-633, Novusbio) was incubated
at a concentration of 1/100 on sections overnight at 4 ◦C and was incubated with an
HRP-labeled secondary antibody (Dako, Carpinteria, CA, USA). And sections were further
processed using the DAB reagent kit (Dako) for visualization. Slides were examined using
an Olympus BX53TR microscope (Tokyo, Japan). All images were processed using the
CellSens software (Olympus).

For IHC using paraffin section, after washing with running tab water for 30–40 min,
the tissues were dehydrated using Ethanol and then embedded in paraffin. 5 µm paraffin
sections were obtained using a microtome, which was then deparaffinized in xylene and
rehydrated in graded Ethanol and PBS. Antigen retrieval was done by heating in citrate
buffer (pH 6.0) for 40 min. After cooling at 4 ◦C for 10 min, sections were rinsed with PBS
and then blocked with 1% BSA in PBS. A detailed method of primary antibodies incubation
and detection is the same as cryosection.

4.15. Hematoxylin-Eosin (H&E) Staining

The tissue was fixed in 4% formaldehyde and embedded in paraffin. Tissue sections
(5 µm thickness) were deparaffinized, dehydrated, and rinsed with PBS. The tissue was
stained by Hematoxylin-Eosin (H&E) stain kit (Sigma-Aldrich), following the manufac-
turer’s protocol. Briefly, after incubation in Hematoxylin Solution for 5 min, the slides
were washed and stained with Eosin for 5 min and dehydrated in ethanol and xylene.
H&E stained slides were examined for cell infiltration and morphology using an Olympus
BX53TR microscope. All images were processed using the CellSens software (Olympus).

4.16. Left Ventricular Catheterization for Heart Function Test

Left ventricular catheterization was performed as described previously [55]. Briefly, for
invasive hemodynamics, left ventricular catheterization was performed 3 weeks after the
operation. A Millar Micro-tip 2 F pressure transducer (model SPR-838, Millar Instruments,
Houston, Texas, USA) was introduced into the left ventricle via the right carotid artery
under Zoletil®50 (0.8 mL/kg; Virbac) and Rompun (0.2 mL/kg; Bayer Korea) anesthesia.
Real-time pressure-volume loops were recorded by a blinded investigator and all data
were analyzed with PVAN 3.5 software (Millar).

4.17. Statistical Analysis

The data are expressed as the mean ± standard error of the mean of at least three
independent experiments. Comparisons between two groups were performed by Student’s
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T-test and more than two groups were performed by one-way ANOVA analysis of variance
using Bonferroni’s correction. p < 0.05 was considered significant.

5. Conclusions

In summary, the present study has provided strong evidence of M1 macrophage-
mediated pyroptosis in the ischemia/reperfusion (I/R) injured hearts and identified
miRNA-762 as an important regulator of IL-1β production and subsequent pyroptosis.
In the clinical context, the results of this study indicate that modulating a key miRNA
targeting IL-1β can be an effective means to preventing the functional demise of the heart
by preventing pyroptosis following I/R injury and suppressing pyroptosis can be an effec-
tive adjuvant strategy to enhance the efficacy of stem cell-based therapeutics for diseased
hearts. To fully address the unanswered issues, further studies are warranted.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22157946/s1.

Author Contributions: Conceptualization, C.Y.L., S.L. (Seahyoung Lee), S.L. (Soyeon Lim) and K.-
C.H.; methodology, C.Y.L. and S.L. (Seahyoung Lee); validation, J.L., H.-H.S. and B.-W.S.; formal
analysis, C.Y.L., S.L. (Seahyoung Lee), S.J. and S.L. (Soyeon Lim); investigation, C.Y.L., S.J., B.-W.S. and
I.-K.K.; resources, B.-W.S., I.-K.K., J.-W.C. and S.W.K.; data curation, S.S. and J.-H.P.; writing—original
draft preparation, C.Y.L. and S.L. (Soyeon Lim); writing—review and editing, S.L. (Seahyoung Lee),
S.L. (Soyeon Lim), and K.-C.H.; visualization, J.-W.C., S.W.K., S.L. (Seahyoung Lee) and S.L. (Soyeon
Lim); supervision, G.H., S.L. (Soyeon Lim) and K.-C.H.; project administration, S.L. (Seahyoung Lee)
and S.L. (Soyeon Lim); funding acquisition, S.L. (Seahyoung Lee) and K.-C.H. All authors have read
and agreed to the submitted version of the manuscript.

Funding: This research was funded by the Korea Ministry of Science, ICT and Future Planning
(NRF-2015M3A9E6029519, K.-C. Hwang) and by the Basic Science Research Program through the
National Research Foundation of Korea (NRF- 2020R1I1A2064710).

Institutional Review Board Statement: All experimental procedures for animal studies were ap-
proved by the Committee for the Care and Use of Laboratory Animals of Catholic Kwandong
University College of Medicine (CKU01-2017-002) and performed in accordance with the Commit-
tee’s Guidelines and Regulations for Animal Care.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author.

Acknowledgments: In this section, you can acknowledge any support given which is not covered
by the author’s contribution or funding sections. This may include administrative and technical
support, or donations in kind (e.g., materials used for experiments).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Strauer, B.E.; Brehm, M.; Zeus, T.; Bartsch, T.; Schannwell, C.; Antke, C.; Sorg, R.V.; Kögler, G.; Wernet, P.; Müller, H.-W.; et al.

Regeneration of Human Infarcted Heart Muscle by Intracoronary Autologous Bone Marrow Cell Transplantation in Chronic
Coronary Artery Disease: The IACT Study. J. Am. Coll. Cardiol. 2005, 46, 1651–1658. [CrossRef]

2. Braunwald, E. Cell-Based Therapy in Cardiac Regeneration: An Overview. Circ. Res. 2018, 123, 132–137. [CrossRef] [PubMed]
3. Alrefai, M.; Murali, D.; Paul, A.; Ridwan, K.; Connell, J.; Shum-Tim, D. Cardiac tissue engineering and regeneration using

cell-based therapy. Stem Cells Cloning Adv. Appl. 2015, 8, 81–101. [CrossRef]
4. Strauer, B.E.; Kornowski, R. Stem Cell Therapy in Perspective. Circulation 2003, 107, 929–934. [CrossRef]
5. Yau, T.M.; Pagani, F.D.; Mancini, D.M.; Chang, H.L.; Lala, A.; Woo, Y.J.; Acker, M.A.; Selzman, C.H.; Soltesz, E.G.; Kern, J.A.;

et al. Intramyocardial Injection of Mesenchymal Precursor Cells and Successful Temporary Weaning From Left Ventricular Assist
Device Support in Patients with Advanced Heart Failure: A Randomized Clinical Trial. JAMA 2019, 321, 1176–1186. [CrossRef]
[PubMed]

6. Curfman, G. Stem Cell Therapy for Heart Failure: An Unfulfilled Promise? JAMA 2019, 321, 1186–1187. [CrossRef] [PubMed]
7. Tögel, F.; Westenfelder, C. Adult bone marrow–derived stem cells for organ regeneration and repair. Dev. Dyn. 2007, 236,

3321–3331. [CrossRef] [PubMed]
8. Bussolati, B. Stem cells for organ repair: Support or replace? Organogenesis 2011, 7, 95. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms22157946/s1
https://www.mdpi.com/article/10.3390/ijms22157946/s1
http://doi.org/10.1016/j.jacc.2005.01.069
http://doi.org/10.1161/CIRCRESAHA.118.313484
http://www.ncbi.nlm.nih.gov/pubmed/29976683
http://doi.org/10.2147/sccaa.s54204
http://doi.org/10.1161/01.CIR.0000057525.13182.24
http://doi.org/10.1001/jama.2019.2341
http://www.ncbi.nlm.nih.gov/pubmed/30912838
http://doi.org/10.1001/jama.2019.2617
http://www.ncbi.nlm.nih.gov/pubmed/30912818
http://doi.org/10.1002/dvdy.21258
http://www.ncbi.nlm.nih.gov/pubmed/17685479
http://doi.org/10.4161/org.7.2.16605


Int. J. Mol. Sci. 2021, 22, 7946 18 of 20

9. Hwang, H.J.; Chang, W.; Song, B.-W.; Song, H.; Cha, M.-J.; Kim, I.-K.; Lim, S.; Choi, E.J.; Ham, O.; Lee, S.-Y.; et al. Antiarrhythmic
Potential of Mesenchymal Stem Cell Is Modulated by Hypoxic Environment. J. Am. Coll. Cardiol. 2012, 60, 1698–1706. [CrossRef]

10. Panth, N.; Paudel, K.R.; Parajuli, K. Reactive Oxygen Species: A Key Hallmark of Cardiovascular Disease. Adv. Med. 2016,
2016, 9152732. [CrossRef]

11. Savla, J.J.; Levine, B.D.; Sadek, H.A. The Effect of Hypoxia on Cardiovascular Disease: Friend or Foe? High Alt. Med. Biol. 2018,
19, 124–130. [CrossRef]

12. Granger, D.N. Ischemia-reperfusion: Mechanisms of microvascular dysfunction and the influence of risk factors for cardiovascular
disease. Microcirculation 1999, 6, 167–178. [CrossRef] [PubMed]

13. Duprez, L.; Wirawan, E.; Berghe, T.V.; Vandenabeele, P. Major cell death pathways at a glance. Microbes Infect. 2009, 11, 1050–1062.
[CrossRef]

14. Chiong, M.; Wang, Z.V.; Pedrozo, Z.; Cao, D.J.; Troncoso, R.; Ibacache, M.; Criollo, A.; Nemchenko, A.; Hill, J.A.; Lavandero, S.
Cardiomyocyte death: Mechanisms and translational implications. Cell Death Dis. 2011, 2, e244. [CrossRef] [PubMed]

15. Cookson, B.T.; Brennan, M.A. Pro-inflammatory programmed cell death. Trends Microbiol. 2001, 9, 113–114. [CrossRef]
16. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.;

Andrews, D.W.; et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death
2018. Cell Death Differ. 2018, 25, 486–541. [CrossRef] [PubMed]

17. Dagenais, M.; Skeldon, A.; Saleh, M. The inflammasome: In memory of Dr. Jurg Tschopp. Cell Death Differ. 2012, 19, 5–12.
[CrossRef]

18. Sandanger, Ø.; Ranheim, T.; Vinge, L.E.; Bliksøen, M.; Alfsnes, K.; Finsen, A.V.; Dahl, C.P.; Askevold, E.T.; Florholmen, G.;
Christensen, G.; et al. The NLRP3 inflammasome is up-regulated in cardiac fibroblasts and mediates myocardial ischaemia—
Reperfusion injury. Cardiovasc. Res. 2013, 99, 164–174. [CrossRef]

19. Toldo, S.; Mauro, A.G.; Cutter, Z.S.; Abbate, A. Inflammasome, pyroptosis, and cytokines in myocardial ischemia-reperfusion
injury. Am. J. Physiol. Circ. Physiol. 2018, 315, H1553–H1568. [CrossRef] [PubMed]

20. Pellegrini, C.; Antonioli, L.; Lopez-Castejon, G.; Blandizzi, C.; Fornai, M. Canonical and Non-Canonical Activation of NLRP3
Inflammasome at the Crossroad between Immune Tolerance and Intestinal Inflammation. Front. Immunol. 2017, 8, 36. [CrossRef]

21. Fink, S.; Cookson, B.T. Caspase-1-dependent pore formation during pyroptosis leads to osmotic lysis of infected host macrophages.
Cell. Microbiol. 2006, 8, 1812–1825. [CrossRef]

22. Bergsbaken, T.; Fink, S.; Cookson, B.T. Pyroptosis: Host cell death and inflammation. Nat. Rev. Genet. 2009, 7, 99–109. [CrossRef]
[PubMed]

23. Fink, S.L.; Cookson, B.T. Apoptosis, Pyroptosis, and Necrosis: Mechanistic Description of Dead and Dying Eukaryotic Cells.
Infect. Immun. 2005, 73, 1907–1916. [CrossRef]

24. Baker, P.J.; Boucher, D.; Bierschenk, D.; Tebartz, C.; Whitney, P.G.; D’Silva, D.B.; Tanzer, M.C.; Monteleone, M.; Robertson, A.A.B.;
Cooper, M.A.; et al. NLRP3 inflammasome activation downstream of cytoplasmic LPS recognition by both caspase-4 and
caspase-5. Eur. J. Immunol. 2015, 45, 2918–2926. [CrossRef] [PubMed]

25. Ruan, J.; Xia, S.; Liu, X.; Lieberman, J.; Wu, H. Cryo-EM structure of the gasdermin A3 membrane pore. Nat. Cell Biol. 2018, 557,
62–67. [CrossRef]

26. Mangan, M.S.J.; Olhava, E.J.; Roush, W.R.; Seidel, H.M.; Glick, G.D.; Latz, E. Targeting the NLRP3 inflammasome in inflammatory
diseases. Nat. Rev. Drug Discov. 2018, 17, 588–606. [CrossRef] [PubMed]

27. LaRock, C.N.; Cookson, B.T. Burning Down the House: Cellular Actions during Pyroptosis. PLoS Pathog. 2013, 9, e1003793.
[CrossRef]

28. Zhu, H.; Sun, A. Programmed necrosis in heart disease: Molecular mechanisms and clinical implications. J. Mol. Cell. Cardiol.
2018, 116, 125–134. [CrossRef]

29. Shen, H.; Kreisel, D.; Goldstein, D.R. Processes of Sterile Inflammation. J. Immunol. 2013, 191, 2857–2863. [CrossRef]
30. Rider, P.; Carmi, Y.; Guttman, O.; Braiman, A.; Cohen, I.; Voronov, E.; White, M.R.; Dinarello, C.A.; Apte, R.N. IL-1α and IL-1β

Recruit Different Myeloid Cells and Promote Different Stages of Sterile Inflammation. J. Immunol. 2011, 187, 4835–4843. [CrossRef]
31. Ong, S.-B.; Hernández-Reséndiz, S.; Crespo-Avilan, G.E.; Mukhametshina, R.T.; Kwek, X.-Y.; Cabrera-Fuentes, H.A.;

Hausenloy, D.J. Inflammation following acute myocardial infarction: Multiple players, dynamic roles, and novel therapeutic
opportunities. Pharmacol. Ther. 2018, 186, 73–87. [CrossRef] [PubMed]

32. Davis, M.J.; Tsang, T.M.; Qiu, Y.; Dayrit, J.K.; Freij, J.B.; Huffnagle, G.B.; Olszewski, M. Macrophage M1/M2 Polarization
Dynamically Adapts to Changes in Cytokine Microenvironments in Cryptococcus neoformans Infection. mBio 2013, 4, e00264-13.
[CrossRef]

33. Jablonski, K.A.; Amici, S.A.; Webb, L.M.; Ruiz-Rosado, J.D.D.; Popovich, P.G.; Partida-Sanchez, S.; Guerau-De-Arellano, M. Novel
Markers to Delineate Murine M1 and M2 Macrophages. PLoS ONE 2015, 10, e0145342. [CrossRef]

34. Eyang, Z.; Ming, X.-F. Functions of Arginase Isoforms in Macrophage Inflammatory Responses: Impact on Cardiovascular
Diseases and Metabolic Disorders. Front. Immunol. 2014, 5, 533. [CrossRef] [PubMed]

35. Viganò, E.; Diamond, C.E.; Spreafico, R.; Balachander, A.; Sobota, R.M.; Mortellaro, A. Human caspase-4 and caspase-5 regulate
the one-step non-canonical inflammasome activation in monocytes. Nat. Commun. 2015, 6, 8761. [CrossRef]

36. Brunt, K.R.; Weisel, R.D.; Li, R.-K. Stem cells and regenerative medicine—Future perspectives. Can. J. Physiol. Pharmacol. 2012, 90,
327–335. [CrossRef]

http://doi.org/10.1016/j.jacc.2012.04.056
http://doi.org/10.1155/2016/9152732
http://doi.org/10.1089/ham.2018.0044
http://doi.org/10.1111/j.1549-8719.1999.tb00099.x
http://www.ncbi.nlm.nih.gov/pubmed/10501090
http://doi.org/10.1016/j.micinf.2009.08.013
http://doi.org/10.1038/cddis.2011.130
http://www.ncbi.nlm.nih.gov/pubmed/22190003
http://doi.org/10.1016/S0966-842X(00)01936-3
http://doi.org/10.1038/s41418-017-0012-4
http://www.ncbi.nlm.nih.gov/pubmed/29362479
http://doi.org/10.1038/cdd.2011.159
http://doi.org/10.1093/cvr/cvt091
http://doi.org/10.1152/ajpheart.00158.2018
http://www.ncbi.nlm.nih.gov/pubmed/30168729
http://doi.org/10.3389/fimmu.2017.00036
http://doi.org/10.1111/j.1462-5822.2006.00751.x
http://doi.org/10.1038/nrmicro2070
http://www.ncbi.nlm.nih.gov/pubmed/19148178
http://doi.org/10.1128/IAI.73.4.1907-1916.2005
http://doi.org/10.1002/eji.201545655
http://www.ncbi.nlm.nih.gov/pubmed/26173988
http://doi.org/10.1038/s41586-018-0058-6
http://doi.org/10.1038/nrd.2018.97
http://www.ncbi.nlm.nih.gov/pubmed/30026524
http://doi.org/10.1371/journal.ppat.1003793
http://doi.org/10.1016/j.yjmcc.2018.01.018
http://doi.org/10.4049/jimmunol.1301539
http://doi.org/10.4049/jimmunol.1102048
http://doi.org/10.1016/j.pharmthera.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29330085
http://doi.org/10.1128/mBio.00264-13
http://doi.org/10.1371/journal.pone.0145342
http://doi.org/10.3389/fimmu.2014.00533
http://www.ncbi.nlm.nih.gov/pubmed/25386179
http://doi.org/10.1038/ncomms9761
http://doi.org/10.1139/y2012-007


Int. J. Mol. Sci. 2021, 22, 7946 19 of 20

37. Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by
Defined Factors. Cell 2006, 126, 663–676. [CrossRef]

38. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of Pluripotent Stem Cells
from Adult Human Fibroblasts by Defined Factors. Cell 2007, 131, 861–872. [CrossRef]

39. Zuk, P.A.; Zhu, M.; Ashjian, P.; De Ugarte, D.A.; Huang, J.I.; Mizuno, H.; Alfonso, Z.C.; Fraser, J.K.; Benhaim, P.; Hedrick, M.H.
Human Adipose Tissue Is a Source of Multipotent Stem Cells. Mol. Biol. Cell 2002, 13, 4279–4295. [CrossRef]

40. Wu, S.M.; Hochedlinger, K. Harnessing the potential of induced pluripotent stem cells for regenerative medicine. Nat. Cell Biol.
2011, 13, 497–505. [CrossRef] [PubMed]

41. Herberts, C.A.; Kwa, M.S.G.; Hermsen, H.P.H. Risk factors in the development of stem cell therapy. J. Transl. Med. 2011, 9, 29.
[CrossRef] [PubMed]

42. Sart, S.; Ma, T.; Li, Y. Preconditioning Stem Cells for In Vivo Delivery. BioRes. Open Access 2014, 3, 137–149. [CrossRef]
43. Lee, S.; Choi, E.; Cha, M.-J.; Hwang, K.-C. Cell Adhesion and Long-Term Survival of Transplanted Mesenchymal Stem Cells:

A Prerequisite for Cell Therapy. Oxid. Med. Cell. Longev. 2015, 2015, 632902. [CrossRef]
44. Wang, Y.; Abarbanell, A.M.; Herrmann, J.L.; Weil, B.R.; Manukyan, M.C.; Poynter, J.A.; Meldrum, D.R. TLR4 Inhibits Mesenchymal

Stem Cell (MSC) STAT3 Activation and Thereby Exerts Deleterious Effects on MSC-Mediated Cardioprotection. PLoS ONE 2010,
5, e14206. [CrossRef]

45. Mangi, A.A.; Noiseux, N.; Kong, D.; He, H.; Rezvani, M.; Ingwall, J.S.; Dzau, V.J. Mesenchymal stem cells modified with Akt
prevent remodeling and restore performance of infarcted hearts. Nat. Med. 2003, 9, 1195–1201. [CrossRef]

46. Wang, X.; Zhao, T.; Huang, W.; Wang, T.; Qian, J.; Xu, M.; Kranias, E.G.; Wang, Y.; Fan, G.-C. Hsp20-Engineered Mesenchymal
Stem Cells are Resistant to Oxidative Stress Via Enhanced Activation of Akt and Increased Secretion of Growth Factors. Stem Cells
2009, 27, 3021–3031. [CrossRef]

47. Liu, N.; Zhang, Y.; Fan, L.; Yuan, M.; Du, H.; Cheng, R.; Liu, D.; Lin, F. Effects of transplantation with bone marrow-derived
mesenchymal stem cells modified by Survivin on experimental stroke in rats. J. Transl. Med. 2011, 9, 105. [CrossRef] [PubMed]

48. Copland, I.B.; Lord-Dufour, S.; Cuerquis, J.; Coutu, D.L.; Annabi, B.; Wang, E.; Galipeau, J. Improved Autograft Survival of
Mesenchymal Stromal Cells by Plasminogen Activator Inhibitor 1 Inhibition. Stem Cells 2009, 27, 467–477. [CrossRef] [PubMed]

49. Song, H.; Chang, W.; Lim, S.; Seo, H.-S.; Shim, C.Y.; Park, S.; Yoo, K.-J.; Kim, B.-S.; Min, B.-H.; Lee, H.; et al. Tissue Transglutaminase
Is Essential for Integrin-Mediated Survival of Bone Marrow-Derived Mesenchymal Stem Cells. Stem Cells 2007, 25, 1431–1438.
[CrossRef] [PubMed]

50. Benoit, D.S.; Tripodi, M.C.; Blanchette, J.O.; Langer, S.J.; Leinwand, L.A.; Anseth, K.S. Integrin-linked kinase production prevents
anoikis in human mesenchymal stem cells. J. Biomed. Mater. Res. Part A 2007, 81, 259–268. [CrossRef]

51. Hahn, J.-Y.; Cho, H.-J.; Kang, H.-J.; Kim, T.-S.; Kim, M.-H.; Chung, J.-H.; Bae, J.-W.; Oh, B.-H.; Park, Y.-B.; Kim, H.-S. Pre-Treatment
of Mesenchymal Stem Cells With a Combination of Growth Factors Enhances Gap Junction Formation, Cytoprotective Effect on
Cardiomyocytes, and Therapeutic Efficacy for Myocardial Infarction. J. Am. Coll. Cardiol. 2008, 51, 933–943. [CrossRef]

52. Yu, J.; Yin, S.; Zhang, W.; Gao, F.; Liu, Y.; Chen, Z.; Zhang, M.; He, J.; Zheng, S. Hypoxia preconditioned bone marrow mesenchymal
stem cells promote liver regeneration in a rat massive hepatectomy model. Stem Cell Res. Ther. 2013, 4, 83. [CrossRef] [PubMed]

53. Hu, X.; Yu, S.P.; Fraser, J.L.; Lu, Z.; Ogle, M.E.; Wang, J.-A.; Wei, L. Transplantation of hypoxia-preconditioned mesenchymal stem
cells improves infarcted heart function via enhanced survival of implanted cells and angiogenesis. J. Thorac. Cardiovasc. Surg.
2008, 135, 799–808. [CrossRef] [PubMed]

54. Lu, G.; Haider, H.K.; Jiang, S.; Ashraf, M. Sca-1 + Stem Cell Survival and Engraftment in the Infarcted Heart: Dual role for
preconditioning-induced connexin-43. Circulation 2009, 119, 2587–2596. [CrossRef] [PubMed]

55. Chang, W.; Song, B.-W.; Lim, S.; Song, H.; Shim, C.Y.; Cha, M.-J.; Ahn, D.H.; Jung, Y.-G.; Lee, D.-H.; Chung, J.H.; et al.
Mesenchymal Stem Cells Pretreated with Delivered Hph-1-Hsp70 Protein Are Protected from Hypoxia-Mediated Cell Death and
Rescue Heart Functions from Myocardial Injury. Stem Cells 2009, 27, 2283–2292. [CrossRef] [PubMed]

56. Song, L.; Yang, Y.-J.; Dong, Q.-T.; Qian, H.-Y.; Gao, R.-L.; Qiao, S.-B.; Shen, R.; He, Z.-X.; Lu, M.; Zhao, S.-H.; et al. Atorvastatin
Enhance Efficacy of Mesenchymal Stem Cells Treatment for Swine Myocardial Infarction via Activation of Nitric Oxide Synthase.
PLoS ONE 2013, 8, e65702. [CrossRef]

57. Huang, F.; Li, M.-L.; Fang, Z.-F.; Hu, X.-Q.; Liu, Q.-M.; Liu, Z.-J.; Tang, L.; Zhao, Y.-S.; Zhou, S.-H. Overexpression of MicroRNA-1
Improves the Efficacy of Mesenchymal Stem Cell Transplantation after Myocardial Infarction. Cardiology 2013, 125, 18–30.
[CrossRef]

58. Zhaolin, Z.; Guohua, L.; Shiyuan, W.; Zuo, W. Role of pyroptosis in cardiovascular disease. Cell Prolif. 2019, 52, e12563. [CrossRef]
[PubMed]

59. Wang, R.; Yang, L.; Zhang, Y.; Li, J.; Xu, L.; Xiao, Y.; Zhang, Q.; Bai, L.; Zhao, S.; Liu, E.; et al. Porcine reproductive and respiratory
syndrome virus induces HMGB1 secretion via activating PKC-delta to trigger inflammatory response. Virology 2018, 518, 172–183.
[CrossRef] [PubMed]

60. Qiu, Z.; Lei, S.; Zhao, B.; Wu, Y.; Su, W.; Liu, M.; Meng, Q.; Zhou, B.; Leng, Y.; Xia, Z.-Y. NLRP3 Inflammasome Activation-
Mediated Pyroptosis Aggravates Myocardial Ischemia/Reperfusion Injury in Diabetic Rats. Oxidative Med. Cell. Longev. 2017,
2017, 9743280. [CrossRef]

http://doi.org/10.1016/j.cell.2006.07.024
http://doi.org/10.1016/j.cell.2007.11.019
http://doi.org/10.1091/mbc.e02-02-0105
http://doi.org/10.1038/ncb0511-497
http://www.ncbi.nlm.nih.gov/pubmed/21540845
http://doi.org/10.1186/1479-5876-9-29
http://www.ncbi.nlm.nih.gov/pubmed/21418664
http://doi.org/10.1089/biores.2014.0012
http://doi.org/10.1155/2015/632902
http://doi.org/10.1371/journal.pone.0014206
http://doi.org/10.1038/nm912
http://doi.org/10.1002/stem.230
http://doi.org/10.1186/1479-5876-9-105
http://www.ncbi.nlm.nih.gov/pubmed/21733181
http://doi.org/10.1634/stemcells.2008-0520
http://www.ncbi.nlm.nih.gov/pubmed/19338064
http://doi.org/10.1634/stemcells.2006-0467
http://www.ncbi.nlm.nih.gov/pubmed/17347495
http://doi.org/10.1002/jbm.a.31292
http://doi.org/10.1016/j.jacc.2007.11.040
http://doi.org/10.1186/scrt234
http://www.ncbi.nlm.nih.gov/pubmed/23856418
http://doi.org/10.1016/j.jtcvs.2007.07.071
http://www.ncbi.nlm.nih.gov/pubmed/18374759
http://doi.org/10.1161/CIRCULATIONAHA.108.827691
http://www.ncbi.nlm.nih.gov/pubmed/19414636
http://doi.org/10.1002/stem.153
http://www.ncbi.nlm.nih.gov/pubmed/19544472
http://doi.org/10.1371/journal.pone.0065702
http://doi.org/10.1159/000347081
http://doi.org/10.1111/cpr.12563
http://www.ncbi.nlm.nih.gov/pubmed/30525268
http://doi.org/10.1016/j.virol.2018.02.021
http://www.ncbi.nlm.nih.gov/pubmed/29522984
http://doi.org/10.1155/2017/9743280


Int. J. Mol. Sci. 2021, 22, 7946 20 of 20

61. Liu, Y.; Li, P.; Qiao, C.; Wu, T.; Sun, X.; Wen, M.; Zhang, W. Chitosan Hydrogel Enhances the Therapeutic Efficacy of Bone
Marrow–Derived Mesenchymal Stem Cells for Myocardial Infarction by Alleviating Vascular Endothelial Cell Pyroptosis.
J. Cardiovasc. Pharmacol. 2020, 75, 75–83. [CrossRef]

62. Yang, J.; Liu, Z.; Wang, C.; Yang, R.; Rathkey, J.K.; Pinkard, O.W.; Shi, W.; Chen, Y.; Dubyak, G.R.; Abbott, D.W.; et al. Mechanism
of gasdermin D recognition by inflammatory caspases and their inhibition by a gasdermin D-derived peptide inhibitor. Proc. Natl.
Acad. Sci. USA 2018, 115, 6792–6797. [CrossRef] [PubMed]

63. Hofmann, M.; Wollert, K.C.; Meyer, G.P.; Menke, A.; Arseniev, L.; Hertenstein, B.; Ganser, A.; Knapp, W.H.; Drexler, H. Monitoring
of Bone Marrow Cell Homing Into the Infarcted Human Myocardium. Circulation 2005, 111, 2198–2202. [CrossRef] [PubMed]

64. Schächinger, V.; Aicher, A.; Döbert, N.; Röver, R.; Diener, J.; Fichtlscherer, S.; Assmus, B.; Seeger, F.H.; Menzel, C.; Brenner, W.; et al.
Pilot Trial on Determinants of Progenitor Cell Recruitment to the Infarcted Human Myocardium. Circulation 2008, 118, 1425–1432.
[CrossRef]

65. Cordes, K.R.; Srivastava, D. MicroRNA Regulation of Cardiovascular Development. Circ. Res. 2009, 104, 724–732. [CrossRef]
66. Latronico, M.V.G.; Condorelli, G. MicroRNAs and cardiac pathology. Nat. Rev. Cardiol. 2009, 6, 418–429. [CrossRef]
67. Small, E.M.; Frost, R.J.; Olson, E.N. MicroRNAs Add a New Dimension to Cardiovascular Disease. Circulation 2010, 121, 1022–1032.

[CrossRef]
68. Yan, K.; An, T.; Zhai, M.; Huang, Y.; Wang, Q.; Wang, Y.; Zhang, R.; Wang, T.; Liu, J.; Zhang, Y.; et al. Mitochondrial miR-762

regulates apoptosis and myocardial infarction by impairing ND2. Cell Death Dis. 2019, 10, 500. [CrossRef] [PubMed]
69. Bencurova, P.; Baloun, J.; Hynst, J.; Oppelt, J.; Kubova, H.; Pospisilova, S.; Brazdil, M. Dynamic miRNA changes during the

process of epileptogenesis in an infantile and adult-onset model. Sci. Rep. 2021, 11, 9649. [CrossRef]
70. Port, J.D.; Walker, L.A.; Polk, J.; Nunley, K.; Buttrick, P.M.; Sucharov, C.C. Temporal expression of miRNAs and mRNAs in a

mouse model of myocardial infarction. Physiol. Genom. 2011, 43, 1087–1095. [CrossRef]
71. Wang, W.-X.; Prajapati, P.; Vekaria, H.J.; Spry, M.; Cloud, A.L.; Sullivan, P.G.; Springer, J.E. Temporal changes in inflam-

matory mitochondria-enriched microRNAs following traumatic brain injury and effects of miR-146a nanoparticle delivery.
Neural Regen. Res. 2021, 16, 514–522. [CrossRef] [PubMed]

72. Lee, S.; Lim, S.; Ham, O.; Lee, S.-Y.; Lee, C.Y.; Park, J.-H.; Lee, J.; Seo, H.-H.; Yun, I.; Han, S.M.; et al. ROS-mediated bidirectional
regulation of miRNA results in distinct pathologic heart conditions. Biochem. Biophys. Res. Commun. 2015, 465, 349–355. [CrossRef]
[PubMed]

73. Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: Discovering splice junctions with RNA-Seq. Bioinformatics 2009, 25, 1105–1111.
[CrossRef] [PubMed]

http://doi.org/10.1097/FJC.0000000000000760
http://doi.org/10.1073/pnas.1800562115
http://www.ncbi.nlm.nih.gov/pubmed/29891674
http://doi.org/10.1161/01.CIR.0000163546.27639.AA
http://www.ncbi.nlm.nih.gov/pubmed/15851598
http://doi.org/10.1161/CIRCULATIONAHA.108.777102
http://doi.org/10.1161/CIRCRESAHA.108.192872
http://doi.org/10.1038/nrcardio.2009.56
http://doi.org/10.1161/CIRCULATIONAHA.109.889048
http://doi.org/10.1038/s41419-019-1734-7
http://www.ncbi.nlm.nih.gov/pubmed/31235686
http://doi.org/10.1038/s41598-021-89084-9
http://doi.org/10.1152/physiolgenomics.00074.2011
http://doi.org/10.4103/1673-5374.293149
http://www.ncbi.nlm.nih.gov/pubmed/32985480
http://doi.org/10.1016/j.bbrc.2015.07.160
http://www.ncbi.nlm.nih.gov/pubmed/26253469
http://doi.org/10.1093/bioinformatics/btp120
http://www.ncbi.nlm.nih.gov/pubmed/19289445

	Introduction 
	Results 
	Macrophages Are Recruited Following I/R Injury to Heart 
	Pro-Pyroptotic Mediator IL-1 Increases in I/R Injured Heart 
	Pyroptosis-Related Gene and Protein Expression Increases in I/R Injured Heart 
	Pro-Inflammatory M1 Polarized Macrophage Increases Pyroptosis-Related Gene Expressions in Human Adipose-Derived Stem Cells 
	IL-1 Mediates the Induction of Pyroptosis in hASCs 
	miRNA-762 Regulates IL-1 Production during I/R Injury 
	miRNA-762 Augmentation Increases Post-Transplant Survival of hASC and Improves Cardiac Function Following I/R Injury 

	Discussion 
	Materials and Methods 
	Culture of Human Adipose Derived Stem Cells 
	Raw264.7 Cells Culture and Culture Medium Preparation 
	Experimental Induction of Hypoxia 
	MiRNA Transfection 
	Transient Knockdown of IL-1 
	Reverse Transcription Polymerase Chain Reaction (RT-PCR) 
	Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR) 
	MicroRNA Quantification 
	Immunoblot Analysis 
	Immunocytochemistry (ICC) 
	Luciferase Assay 
	Induction of I/R Injury and Cell Transplantation 
	Total RNA Sequencing and Data Analyses 
	Immunohistochemistry (IHC) 
	Hematoxylin-Eosin (H&E) Staining 
	Left Ventricular Catheterization for Heart Function Test 
	Statistical Analysis 

	Conclusions 
	References

